A survey of 77 individuals covering the range of Mus macedonicus from Georgia in the East to Greece and Bulgaria in the West and Israel in the South has shown the existence of two deeply divergent mitochondrial clades. The southern clade was until now undetected and characterises mice from Israel. Nuclear genes also show some amount of regional differentiation tending to separate the southern M. macedonicus from the northern ones. These results point towards the fact that the eastern Mediterranean short-tailed mouse,
Introduction
The House Mouse species complex has attracted many genetic studies aimed at deciphering its systematic and phylogeographic structure over the last 20 years. Recently, a report by Gü ndü z et al (2000) in this journal has thrown some light on the genetic make up of one of its component, the eastern Mediterranean short-tailed mouse Mus macedonicus, over the northern part of its range. The mitochondrial DNA analysis of these authors revealed no spatial heterogeneity of mtDNA haplotypes over their sampling, they thus considered M. macedonicus as monotypic. Here, we extend the geographic coverage over the whole species range and, in a similar analysis, reveal that the M. macedonicus populations from Israel belong to a quite divergent clade, and hence that the species probably has a more complex history than suspected. We also summarise and extend the available nuclear gene (electrophoretic) and morphological data to document other aspects of geographical differentiation in this species. According to the level of genetic divergence observed, two distinct subspecies should be recognised.
Materials and methods
Various samples collected over the years by our laboratory were typed for mitochondrial D-Loop nucleotide which was seen as a fairly homogeneous monotypic species, has in fact a more complex phylogeographic history than has been suspected, and that it warrants the existence of two subspecies. The reasons for this non-uniformity probably ought to be looked for in the history of faunal movements linked to glacial periods, underlining the possible existence of at least two refugia south of the Caucasus. Heredity (2002) 89, 353-357. doi:10.1038/sj.hdy.6800147 variation after PCR amplification and sequencing. The primers used were defined as being at positions H41 and L15372 of the domesticus DNA reference sequence Bibb et al (1981) , and yielded a slightly bigger fragment than the one used by Gü ndü z et al (2000) . Altogether, a 733 bp fragment (between position 15424 and 16283) common to both studies and encompassing 94% of the D-Loop was aligned for 12 new M. macedonicus individuals. Additionally, six M. macedonicus sequences available in GenBank were included in our analysis. Five sequences pertaining to M. m. musculus, seven to M. m. domesticus, one to M. spicilegus and one to M. spretus were used as outgroups, of which six were extracted from GenBank, and eight sequenced for this project. The origins and GenBank accession numbers for each sequence are reported in Table 1 . The geographic origin of samples of M. macedonicus used in this study is depicted in Figure 1 (GenBank accession numbers AF506180-AF506199).
The sequence data were transformed in a Kimura 2-parameter distance matrix (with a ts/tv of 1.2) and subjected to phylogenetic analysis with the neighbor-joining algorithm as implemented by the phylip package (Felsenstein 1993) . Bootstrap values were obtained after 1000 replications (Figure 2a) .
Published electrophoretical data at 27 loci (as reported in Bonhomme et al, 1983) were supplemented with samples from of Israel (Haifa, n = 8) and Georgia (Lagodekhi n = 27, Lissi n = 20, Chirakskaya n = 7) processed in the same way. The same two M. m. domesticus and M. m. musculus samples (Bonhomme et al, 1983) were used as outgroups. Eleven loci were polymorphic in the data set. Nei's genetic distance was computed over the 27 loci, and a neighbor-joining tree with bootstrap values Figure 2b ). The morphological variation within M. macedonicus was analysed by a geometric morphometric approach on the skull of 33 adult individuals originating from Israel (n = 10), Bulgaria (n = 5) and Georgia (n = 18). Thirteen landmarks were digitised on the left side of the ventral view of skulls. Individual size was estimated by the centroid size of landmarks configurations. These configurations were superimposed following the GLS (Procrustes) procedure described in Rohlf and Slice (1990) . A PCA was performed on the residuals of all coordinates after superimposition. The differences in size among the three samples were tested using ANOVAs on centroid size. Shape disparity was assessed by MANOVAs on the first eight PCs (accounting for 82.9% of the cumulative variance). The relationships between size and shape were determined by a multiple regression of centroid size on the first eight PCs.
Results and discussion
The tree in Figure 2a shows a highly significant and clear dichotomy among the macedonicus haplotypes, with the Israeli group (clade B) well separated from all other (clade A), extending the results of Gü ndü z et al (2000) . Clade A does not contain any robust phylogeographic information, despite the fact that our sample encompasses animals trapped further East in the Caucasus (Orth et al, 1996) than those previously analysed. A slight tendency for geographic grouping may nevertheless be seen (Figure 2a) , indicating that the sequences may have started to evolve in situ. The average nucleotide divergence between clades A and B was 2.9%, which is of the same order as, for instance, the domesticusmusculus divergence (3.8%), dated around 0.5 Myrs (Boursot et al, 1993) . It also represents about half the average divergence between M. macedonicus and its northernmost sibling species, M. spicilegus (4.4%). As for the nuclear genome, Figure 2b shows that the Israeli population clearly belongs to the macedonicus clade, but with a clear divergence from the other samples.
The electrophoretical survey of Israeli, Georgian, Greek and Bulgarian specimens yielded a Nei's genetic distance of 0.011 only between the Caucasus and Europe, but 0.048 and 0.073 between each respectively and Israel. These values are substantial but still small as compared for instance to 0.247 found between M. musculus domesticus and M. musculus musculus samples over the same loci (Bonhomme et al, 1983 and unpublished data). The genetic differentiation between the Haifa and other M. macedonicus samples was primarily due to loci Aat1, Es1, Mpi, Mod1 and Pgm1, this last locus being almost fixed for an alternative allele.
The centroid size did not differ between M. macedonicus of Bulgaria and Georgia (F [1, 21] = 0.67; NS), but it did differ significantly between these two groups, pooled together, and the Israeli sample (F [1, 31] = 13.88; P Ͻ 0.001). In agreement with Bergman's rule, Israeli mice appear to be smaller. Concerning the shape of the skull, Bulgarian and Georgian groups were pooled since they were undistinguishable on the first eight PCs (Wilk's lambda [8, 14] = 0.58; NS). This high morphological similarity of the northern M. macedonicus has already been demonstrated on cranial and dental traits by Krystufek and Macholan (1998) on three samples from Europe and Asia Minor. In our study, the group formed by the northern-most samples is different from the Israeli sample (Wilk's lambda [8, 24] = 0.29; P 0.001). However, the strong relationships between size and shape considering the first PC (Figure 3) or the first eight PCs (F [8, 24] = 10.48; P 0.001) suggests that the differentiation in shape between the two groups might primarily reflect difference in size and the related allometric pattern. The examination of the shape difference between the two groups (Figure 3) , although significant, is hardly detectable by eye, suggesting that no character on the ventral view of skull may be easily used by systematicists to distinguish the two groups. Yet, differences in the morphology of the skull between Israeli and Bulgarian mice were detected by a multivariate approach by Gerasimov et al (1990) . In this case, however, the discrimination also involved a complex combination of several morphological variables rather than a limited number of characters. Morphology Heredity is known to be extremely conservative in the whole subgenus Mus (Gerasimov et al, 1990) , M. macedonicus does not constitute an exception. Size remains the principal morphological trait suitable to distinguish between the northern and southern forms of M. macedonicus.
Concerning karyotypes as well, there are indications of significant differences between Israeli and Transcaucasian animals. Ivanitskaya et al (1996) report a higher number of NORs and an enlarged block of heterochromatin on the X chromosome in the southern form.
Altogether, these results argue in favour of M. macedonicus being a polytypic taxon, like M. musculus. Although the morphological difference between the two groups remains subtle, the clear genetic differentiation detected here suggests that they deserve to be considered as valid subspecies with Linnean trinomials. The northern group should naturally be called M. macedonicus macedonicus since the type specimen is from Macedonia (M. hortulanus macedonicus Petrov and Ruzic (1983) , see also Harrison and Bates (1991) ) while the southern form should be M. macedonicus spretoides according to the first descriptions of this species in Israel (M. spretoides, Auffray et al (1988) , Bates and Harrison (1989) , Auffray et al (1990) ).
The origin of these two subspecies and the two divergent mitochondrial clades they harbour should be looked at in recent history, and this points towards the existence of two separate glacial refuges. It is striking to note that the pattern we observe here is quite similar to that reported by Seddon et al (2001) for the European hedgehog (Erinaceus concolor). In this case, there is a clear distinction between Turkish (Anatolian) and Israeli mitotypes (boostrap value 94%) within their clade C2. On the other hand these authors report a more divergent clade in eastern Europe (clade C1). This situation mimics the one found between the two sibling mouse species M. spicilegus and M. macedonicus: M. spicilegus, the mound- Table 1 building mouse, whose mitochondrial DNA is closely related but clearly divergent from that of M. macedonicus (Figure 2a ) would be the European form corresponding to clade C1 in E. concolor, and M. macedonicus would encompass two divergent clades (A and B, Figure 2a) , corresponding to the two Asian subclades in E. concolor C2. The only substantial difference resides in the fact that the limit between macedonicus and spicilegus is found in Europe (as shown in Figure 1 ) while the C1/C2 contact in E. concolor occurs at the Marmara Sea (Seddon et al 2001) .
The present results thus confirm the existence, for terrestrial mammals, of glacial refuges located south of the Black Sea and south of Caucasus (see Hewitt (1999) , for a review). The case of M. macedonicus provides strong evidence for at least two such refuges: 2.9% divergence is substantial, and it seems very unlikely that it could result from an isolation-by-distance within a continuous population. The gene flow between our two subspecies has most probably been interrupted in the past. One outstanding question is whether or not there exists a transition zone between the two subspecies somewhere between Turkey and Israel and what is the nature of such a contact.
These two refuges may find their origin in the existence south of Caucasus and the Black Sea of large mountain ranges often over 1000 m altitude that spread continuously from the Zagross mountains in eastern Iran to the Pontic chain and the Taurus mountains in Turkey, as shown in Figure 1 . During the glacial maximum, favourable climatic pockets may have persisted in the lowlands backed by the south facing slopes of the Caucasus, especially in those places where the climate was ameliorated by the influence of the Black, or Caspian water bodies. Note that on Figure 1 the refuge south of the Caucasus is presented as a single circle, although it may well have been limited to one or the other coastal plains. During recolonisation, the northern subspecies M. m. macedonicus would have extended its range rapidly westwards to Europe through the coastal plain of the Black Sea whose level was lower than at present (Ryan et al, 1997; Aksu et al, 1999) . One question may be why the subspecies halted expansion at the low hills (Ͻ700 m) of the Balkans. The answer may be that they faced competitive exclusion (Ivantcheva and Cassaing, 1999) with the northern species M. spicilegus, the mound building mouse, which probably arrived along the northern shores of the Black Sea from a refugium that may well have been located around the Crimean Peninsula. This competitive exclusion is also supported by the fact that M. macedonicus and M. spicilegus are found interacting sympatrically only in a very localised place, as mentioned in Bonhomme (1986) . Indeed, two individuals from the former species and 13 from the latter where caught in the same trap line, in a maize field near Kranevo (Bulgaria) in the costal plain bordering the Black Sea (Bonhomme et al, 1983, unpublished observation) .
As to the southern subspecies M. m. spretoides, there is fossil evidence of its presence in the Levant thoughout the last interglacial and glacial period (Auffray et al (1988) and references cited therein). It may have thus been established south of Zagross and Taurus chains ( Figure  1 ) in what would constitute a larger refuge extending eventually down to the Nile.
